Cosmic ray data and radiosonde measurements from Riyadh, Saudi Arabia (Rc = 14.4 GV), for the period 2002-2012, were used to study the effect of atmospheric pressure, level of pion production, and temperature at that level, on cosmic ray muons. We found that, even if corrections were made to the detected muons using these three parameters, seasonal variations of the cosmic rays still exist. This suggests that other terrestrial and/or extraterrestrial causes may be considered. The levels of pion production and atmospheric pressure are inversely correlated with the muon rate. On the other hand, the temperature at the pion production level is correlated with muons in spring and winter and inversely correlated in fall and summer. There is no clear explanation for this behavior.
Introduction
Recently it has been found that the influence of solar and heliospheric processes on the primary cosmic ray incident at the top of the atmosphere leads to changes in some atmospheric properties, which in turn affect global weather and climate [1] [2] [3] [4] [5] [6] .
To be able to study cosmic rays and their variations in a proper way, using ground level detectors, atmospheric effects on secondary cosmic rays must be removed [7] [8] [9] [10] . These secondary particles result from the interaction of the primaries with atmospheric nuclei, in which muons are considered the majority of these particles detected at sea level.
The rate of the detected muons depends on some atmospheric factors; corrections for local variations of these factors must be made to determine the properties of the primary cosmic rays. According to theoretical and experimental investigations, atmospheric pressure is the most important factor affecting both cosmic ray muons and neutrons. It is a measure of the total atmospheric absorption above the detector (e.g., [8, [11] [12] [13] ).
Atmospheric temperature is the second factor affecting, particularly, cosmic ray muons. The temperature correction is rather complicated and several methods have been developed to account for it. Some workers have used the temperature at screen levels [14] [15] [16] [17] [18] ; others used the weighted temperature, which is a measure of temperature over the whole atmospheric profile [12, 13, 19] , while still others used the temperature at the pion production level [20] . It has been found (e.g., [12, 13, 15] ) that the method of weighted temperature (i.e., the integration method) is the most reasonable procedure to correct for the temperature effect on cosmic ray muons. However, due to the scarcity of the atmospheric temperature measurements at certain atmospheric levels or for the whole profile, this method has been implemented less. The third common factor used by some investigators was the level of pion production [9] . In correcting for cosmic ray muons, workers have used these factors interchangeably [15] . This paper is a continuation of our work to study the effect of atmospheric variables on the detected cosmic ray muons at a midlatitude city.
In this paper, we use 11 years of muon measurements collected by the KACST detector to study the influence of atmospheric pressure, level of pion production, and the temperature at that level, on the detected muons, and determine the appropriate correction coefficients. 
Instrumentation and Methods
Cosmic ray muon data were obtained from the King Abdulaziz City for Science and Technology (KACST) detector for the period 2002-2012. The detector is a 1 m 2 plastic scintillator and viewed photomultiplier tube (PMT), both contained in a light-tight box. The signals from the PMT are preamplified, amplified, and digitized by an Analogue to Digital Converter (ADC). These electronic circuits and temperature and pressure sensors are designed as part of a collaborative project with the University of Adelaide, Australia. Detailed descriptions for this detector and calibration procedures are given elsewhere (Maghrabi et al., 2011) [17, 18] . The detector was installed in the fourth building of KACST's main building and has been in operation since July 2002. However, during this period, the detector went through periods of downtime for calibration procedures, relocations, and power failure. These cause some periods of missing data. For the purpose of this study, we believe that these missing data will not affect the obtained results.
Radiosonde data from Riyadh airport for the corresponding period of time were obtained from the Saudi Presidency of Meteorological Environment (PME). Usually radiosonde measurements are conducted twice a day; however, there were some days when three or more measurements were available. Theoretical and experimental results carried out by several investigators (e.g., [8] ) have shown that the pion production level is usually between 70 and 200 mb. Following the procedure adapted by several investigators (e.g., [9] ) we have assumed 100 mb as the pion production level. From available data, atmospheric temperatures and the heights at 100 mb were extracted from each profile. Data for the radiosonde that did not reach above 100 mb were excluded from considerations. 12 h data were used to create the daily averages for atmospheric pressure, level of pion production, temperature at that level, and muon measurements. To remove the effect of the diurnal and possible 27-day variations, daily data are then averaged to calculate the monthly means. Moreover, data for the period of solar flares, magnetic storms, and Forbush decreases were excluded. Table 1 presents some of the statistical parameters for the considered variables.
The relationship between the three parameters and the cosmic ray muons was investigated on the basis of the effective level of generation method [21] . This method is a combination of Duperier's [20] and Blackett's [22] methods, in which the muon intensity at the detection level was related to the atmospheric pressure, level of pion production, and the temperature at that level using the following expression:
where 0 , 0 , 0 , and 0 are the mean values of intensity, pressure, temperature, and production level for the considered period. , , and , are the pressure, temperature, and height coefficients, respectively. The first term of (1) represents the effect of the atmospheric mass above the detector, whereas the second indicates the influence of atmospheric temperature at the pion production level. The final term shows the dependence of the surviving muons on the distance between the production level, usually taken as 100 mb [9, 14] , and the detection level.
Regression analysis between cosmic ray muon intensities and these parameters was performed and the three coefficients ( , , and ) were calculated. Corrections to the muon data using the obtained coefficients are then conducted with the aid of (1).
Results and Discussion
Figure 1 presents yearly fluctuations in (a) atmospheric pressure, (b) level of maximum production, (c) temperature at that level, and the (d) muon counts, from their mean values. It can be seen that the three atmospheric parameters have seasonal variations, which in turn affect the muon rates, as clearly seen in Figure 2 . Figure 3 shows scatterplots that indicate the relationship between the raw muon rate and each individual parameter. Both atmospheric pressure and temperature at the 100 mb level are inversely correlated with the muon rates. On the contrary, the muon rate is directly proportional to the level of pion production. The spread in the data is due to several causes. For instance, the 12-hour separation between the radiosonde flights may give some experimental error on the measured values.
Since atmospheric pressure is the most effective parameter, we first correct the muon rates for this parameter. The regression results between pressure and the muon rate (Figure 3(a) ) for the data considered give a barometric coefficient value of −0.17 ± 0.05%/mb. This value did not differ greatly from that obtained in our previous study [23] . Figure 4 shows the relationship between the pressure-corrected muon rate and (a) level of pion production and (b) the temperature at that level.
It can be seen that the dependence of cosmic ray muons on the height and the temperature found in Figure 3 is critically distorted by the dependence on the pressure. The dependence of the pressure-corrected muon rate on these two parameters shows the opposite relationship compared to the uncorrected rate. The muon rate is inversely correlated with the level of muon production. This means that, as the production level becomes higher, the observed muons at the detection level will be lower. On the other hand, the corrected muon rate correlates with temperature at the production level. This implies that, during cold times, pions will be less likely to decay to produce muons before they interact. The opposite holds for warm times.
Having established the effect of each individual variable on the muon rate, our next step was to conduct regression analysis between muon rate and different combinations of the three parameters. The calculation procedures were conducted on the basis of (1). Multiple regression analyses were conducted between (i) raw muon rate and both pressure and temperature at the production level; (ii) raw muon rate and both pressure and level of pion production; (iii) raw muon rate and the three parameters; and (iv) pressure-corrected muon rate, using the method discussed in Maghrabi et al. [23] and Maghrabi et al. [12, 13] , which was correlated with both height and the temperature at the production level. 12 h data for each Advances in Astronomy 3 day during the specific month were used in the calculations. For each month, the regression and the correlation coefficients were obtained. Figure 5 shows the distribution of the calculated coefficients for ( , ), ( , ), ( , , ), and ( ; ); their maximum, minimum, and mean values are given in Table 2 . coefficient varies between −12.100 and 0.460 with a mean of −4.876 ± 0.352%/km. For correlation between the muon rate and the three parameters, , , and were −0.151 ± 0.005%/mb, 0.019 ± 0.007%/ ∘ C, and −1.644 ± 0.238%/km, respectively. In the case of multiple regression between the pressure-corrected muon rate and both ( , ) (Figure 5(d) ), the temperature coefficient, , was between −0.019 and 0.260 with a mean of 0.020 ± 0.006%/ ∘ C. The level of the pion production coefficient lies between −10.70 and 5.91 with a mean of −1.28 ± 0.321%/km. Figure 6 shows monthly averages of muon measurements for the whole period corrected for (a) pressure and temperature, (b) pressure and height, (c) for the three parameters, and (d) pressure-corrected muons correlated with both temperature and height. The uncorrected muon rate was plotted for comparison purposes.
The uncorrected rate increases from January to March and May to July. It shows a decreasing trend during August to December. The two-parameter-corrected rate is clearly in an inverse relationship with the uncorrected rate for the entire considered period. In the case of the three-parameter corrections, the corrected rate continues to increase from May to January and decreases for the other months. The same behavior of the three parameters corrections is seen in the corrections using, last case, pressure-corrected muons correlated with both temperature and height. It is clearly obvious that although the corrections have been made to the muon rate using two or three parameters, seasonal variations in the muon rate are evident. This means that there is another cause, either terrestrial and/or extraterrestrial, for this seasonality rather than the three considered parameters. Moreover, the fact that the long-term variation does not depend on season, but in a random way similar to a seasonal variation, is another possible explanation for this seasonality.
To investigate this seasonality further, the whole dataset (2002-2012) was divided into four groups: December, January, and February representing winter, March, April, and May spring, June, July, and August summer, and September, October, and November fall.
Similar procedures were applied for each season. Regression analysis between the raw muon rates and ( and ), ( and ), the three parameters, and between pressurecorrected muon rate and ( , ) was carried out; the obtained correction coefficients are given in Table 3 . It can be seen that the values of ( , ) did not change over the seasons. However, the sign of the temperature coefficient is negative in both summer and fall and positive in winter and spring. For the ( , ) combination, the values were almost the same for all seasons. In winter and spring, the values are higher compared to those for summer and fall. In the case of the three parameters, the pressure and the temperature coefficients change very slightly between the seasons. The coefficient has almost the same values in both winter and spring, −1.27% km −1 in summer and −0.6% km −1 in winter. The temperature coefficient , as in the case of the two parameters, positively affects the rate in winter and spring and negatively during the other seasons.
Variations of the sign of the temperature coefficients between the seasons have not been previously reported for this particular cut-off rigidity and for such a long term of the measurements. We suggest that long-term measurements from other muon detectors operating at different cut-off rigidities may be used for future investigations. Also, quasiperiodicity investigations between the cosmic ray muon data presented here and several atmospheric variables are suggested, for searching for such variations.
Conclusions
In this study, cosmic ray data from the KACST muon detector and radiosonde measurements (Riyadh, Saudi Arabia; Rc = 14.4 GV) for the period 2002-2012 were used to study the effect of atmospheric pressure, level of pion production, and temperature at that level on the cosmic ray muons.
The results show that while the raw muon rate is directly correlated with the level of pion production it is inversely correlated with the other two variables. Muon data are then pressure corrected and correlated with the other two variables. The dependence of the pressure-corrected muon rate on both variables was reversed compared to the uncorrected rate.
Regression analysis between muon rate and four combinations of the three parameters was then carried out on the basis of the Duperier and Blackett methods. These are (i) raw muon rate correlated with both pressure and temperature at production level; (ii) raw muon rate correlated with pressure and level of pion production; (iii) raw muon rate correlated with the three parameters; and (iv) pressure-corrected muon rate correlated with both level and the temperature at that production level. For each correlation, the corresponding coefficients are obtained and their distributions were studied. The obtained coefficients were used to correct the measured muon rates. We found that, even if corrections were made to the detected muons using these three variables, seasonal variations are evident. This was in disagreement with results previously established by several investigators. We suggest that other terrestrial and/or extraterrestrial causes must be considered. Long-term variation that does not depend on season, but in a random way similar to seasonal variation, is another possible explanation for this seasonality. To investigate this seasonality further, the dataset was divided into four seasonal groups, and the same four correlations were carried out. The analysis showed that the temperature at the pion production level positively affects the muons in spring and winter and negatively (i.e., inversely correlated) in fall and summer. No definite explanations for the variations of the sign of the temperature coefficients between the seasons can be reached yet.
